ABSTRACT Neurofilaments (NFs) are the most abundant structural components in large-diameter myelinated axons. Assembled as obligate heteropolymers requiring NF-L and substoichiometric amounts of NF-M and/or NF-H, NF investment into axons is essential for establishment of axonal caliber, itself a key determinant of conduction velocity. Use of transgenic mice to increase axonal accumulation of NFs or to express mutant NFs subunits has proven that aberrant organization or assembly of NFs is sufficient to cause disease arising from selective dysfunction and degeneration of motor neurons. Because aberrant accumulation of NFs is a common pathology in a series of motor neuron diseases-including amyotrophic lateral sclerosis-NF misaccumulation, and the resultant disruption in axonal transport, is probably a key intermediate in the pathogenesis of these diseases.
INTRODUCTION (NFs). NFs are now known to be members of the intermediate filament (IF)
family, whose name derives from the characteristic diameter of 8-10 nm, which is intermediate between actin filaments (6 nm) and microtubules (24 nm). As major components in the cytoplasm of most eukaryotic cells, roles for IFs in cell architecture, stability, and differentiation have long been postulated and have now been demonstrated for keratins (see Fuchs & Weber 1994 for review) and NFs (see below).
We review here efforts proving that neuronal IFs (nIFs) are heteropolymers composed of multiple subunits with distinct biochemical properties and expression patterns. We also review efforts to dissect assembly properties and filament organization and the influence of glycosylation and phosphorylation on these properties. Finally, we review how the use of classical genetics and transgenic mice has led to proof that NFs are essential for establishing the diameter of myelinated axons and that defects in NF assembly and organization, often seen in human neurodegenerative disease, can directly lead to motor neuron dysfunction and death. For a more detailed review of IF structure and properties, we refer readers elsewhere (Fuchs & Weber 1994) .
DIVERSITY OF nIF PROTEINS

Mammalian nIF Proteins
The current family of mammalian nIFs for which complete sequence information is available consists of six members: the three NF subunits [NF-L (66 kDa) (Geisler et al 1985 . Lewis & Cowan 1986 , Julien et a1 1987 , Chin & Liem 1989 , NF-M (95-100 kDa) (Levy et a1 1987 , Napolitano et a1 1987 , Myers et a1 1987 , and NF-H (110-115 kDa) (Lees et a1 1988 , Julien et a1 1988 , Dautigny et al 1988 , Chin & Liem 1990 ], a-internexin (-60 kDa) (Kaplan et al 1990 , Chien & Liem 1994 , peripherin (-50 kDa) (Leonard et a1 1988 , Thompson & Ziff 1989 , and nestin (-200 kDa) (Lendhal et a1 1990 , Dahlstrand et al 1992 . As displayed in Figure 1 , all six share a characteristic -3 10-amino acid a-helical domain containing a hydrophobic heptad repeat essential for assembly. Flanking this central rod are globular head and tail segments, which are markedly divergent in length and sequence among the various subunits. Intron-exon position and sequence similarities show all to be in the type-IV IF class [see Fuchs & Weber (1994) for definition of the five classes], except peripherin, which along with muscle-specific desmin and the widely expressed vimentin comprises the self-assembly-competent type-I11 IF class.
Among the nIFs, the NF triplet proteins consist of NF-L, NF-M, and NF-H. Largely due to their abundance in mammalian neurons, NFs were the first type of nIFs to be identified (Hoffman & Lasek 1975) . Like other IFs, NFs are long, unbranched filaments ( Figure 2B ) that in large myelinated mons accumulate as the most abundant structures (see Figure U ) , outnumbering microtubules 5-to 1Gfold. Unlike other IFs, NFs have characteristic "side arms" (Hirokawa et al 1984) extending from the filament backbone ( Figure 2B ) that appear to form bridges between filaments (see Figure 2A) . Although the head domains of NF subunits do not share obvious amino acid sequence homologies, they are rich in serines and threonines. Phosphorylation and 0-glycosylation (summarized in Figure 1 ) of these residues are believed to be important for in vivo regulation of NF assembly. Although the rod domain of NF-L is similar to that of type-III IFs (Geisler et a1 1985) , with an interruption of the heptad repeat in coil 1, this domain in NF-M (Myers et a1 1987 , Levy et a1 1987 and NF-H (Lees et a1 1988 , Julien et a1 1988 ) is a continuous coil. The most distinctive features of the NF subunits are the carboxyl-terminal tail domains. For NF-L, this region is highly acidic, with many glutamic acid residues comprising a segment sometimes referred to as the E segment (Shaw 1991) .
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NF-M has a longer tail domain, and this too contains E segments as well as segments rich in glutamic acid and lysines. The NF-H tail is distinct from other IFs, owing to the presence of between 42 and 51 repeats of lysine-serineproline (KSP). Although the number and the distribution of repeats differ among vertebrates, the serines in the KSP domains are heavily phosphorylated in axons (Julien & Mushynski 1982 ,1983 ; Carden et a1 1985; Lee et a1 1988; Elhanany et al 1994) . NF-M also contains a few KSP motifs. Their number and position are not conserved (Shaw 1991) , but they are phosphorylated in axons (Xu et a1 1992) . For a more detailed discussion of sequence motifs in NF subunits, we refer readers elsewhere (Shaw 1991) .
At least two other IF proteins, a-intemexin (Pachter & Liem 1985 , Fliegner et a1 1990 , Kaplan et al 1990 and peripherin (Portier et al 1983b , Escurat et a1 1988 , Leonard et al 1988 , Parysek & Goldman 1988 , Gorham et a1 1990 .
are also expressed in subsets of terminally differentiated neurons. First purified from rat optic nerve and spinal cord as an NF-associated, IF-like protein (Pachter & Liem 1985) , a-internexin has been shown to self-assemble into 10-nm filaments in vitro (Kaplan et al 1990) , and cloning of the gene shows it to be a type-IV IF subunit (Fliegner et a1 1990 , Chien & Liem 1994 . The tail domain of a-internexin is enriched in glutamate and lysines, and both head and tail segments have short stretches highly homologous to NF-M; but like NF-L, the rod domain contains an interruption within coil 1. This yields a subunit with a hybrid nature, a feature that may contribute to special assembly properties of a-internexin (see below).
Peripherin was initially identified as a 56-to 57-kDa protein that was present in neuroblastoma and rat pheochromocytoma PC12 cells and that exhibited the characteristics of an IF protein (Portier et a1 1983a, b; Parysek & Goldman 1987 Leonard et al 1988) . Its sequence (and intron-exon placement) firmly established it as a type-I11 IF subunit (Leonard et a1 1988 , Thompson & Ziff 1989 .
The remaining nIF subunit, nestin, is a transient component of neurons that is expressed only in multipotent neuroectodermal cells prior to terminal differentiation (Lendhal et a1 1990 , Zimmerman et al 1994 . Rodent nestin is the largest known vertebrate IF subunit, with almost no head domain (1 1 amino acids) and a long (-150-kDa) tail domain (Lendhal et a1 1990) , which contains up to 35 repeats of an acidic ll-amino acid motif (Lendhal et a1 1990 , Dahlstrand et al 1992 .
nIFs in Lower Vertebrates and Invertebrates
Examination of nIFs in lower vertebrates and invertebrates has revealed the presence of nIF proteins similar to mammalian nIF subunits. With a few exceptions, most lower vertebrate and invertebrate neurons contain a low-mo-lecular-weight and one or more high-molecular-weight NF-like proteins (Lasek et al 1985) . However, arthropods seem to lack nIFs (Lasek et al 1985) . Genes encoding proteins homologous to NF-M, peripherin, and a-intemexin have been identified in Xenopus fuevis (Sharpe 1988 , Sharpe et al 1989 , Charnas et a1 1992 and goldfish (Glasgow et al 1994a,b) . Novel nIFs that do not have obvious vertebrate homologues have also been found, including the goldfish protein plastin, which is a type-III nIF induced during optic nerve regeneration (Glasgow et a1 1992) , and the 1744-amino acid nIF-like protein tanabin, which is localized in a subset of axons and growth cones of X. laevis (Hemmati-Brivanlou et a1 1992) . Immunological studies indicate the presence of NF-Glike nIF in both amphibia (Quitschke & Schechter 1986 , Szaro & Gainer 1988 and fish (Quitschke et a1 1985) . In primitive chordates such as Ciona (Mencarelli et al 1987) and Lamprey (Pleasure et a1 1989) , only a single high-molecular-weight nIF has been found, and this subunit has characteristics of all three mammalian NF subunits, including a long tail domain reminiscent of Squid nIFs consist of subunits with apparent molecular weights of 60, 70, 220, and >500 kDa (Roslanslq et a1 1980 , Szaro et al 1991 , Way et al 1992 . These subunits arise from alternative splicing of a single gene (Szaro et a1 1991 , Way et a1 1992 . Unlike the vertebrate NFs, the rod domain of these squid nIFs resembles nuclear lamins an additional 42 amino acids (Szaro et a1 1991 , Way et a1 1992 . Although intron placement suggests an origin from the type-I11 IF family, the tail of the largest subunit contains a repeated KSP motif similar to that in mammalian NF-M and NF-H (Way et a1 1992) . Finally, the mollusk Aplysia apparently has only low-molecular-weight nIFs, which is an exception to the general rule that invertebrate neurons contain a nIF subunit with a tail domain containing KSP phosphorylation repeats (Lasek et al 1985 , Mencarelli et al 1987 .
EXPRESSION OF VERTEBRATE nIF PROTEINS FOLLOWS TERMINAL DIFFERENTIATION AND INCREASES AS NEURONS MATURE
Expression of different types of nIFs in mature neurons is neither mutually exclusive nor entirely overlapping. The earliest IFs associated with neuronal development are nestin (Lendhal et a1 1990) and vimentin (Tapscott et a1 1981 , Cochard & Paulin 1984 , both of which are expressed at high levels in neuroectoderm cells that have the potential to develop into both neurons and glia. Concomitant with the postmitotic differentiation of neurons, nestin (Lendhal et a1 1990) and vimentin (Tapscott et a1 1981 , Cochard & Paulin 1984 expression is silenced, and other nIFs begin to accumulate. Nestin is also transiently expressed in embryonic and neonatal muscle (Lendhal et al 1990 , Zimmerman et al 1994 .
NF-H and NF-M.
NEURONAL INTERMEDIATE FILAMENTS 193
a-Internexin and NFs are expressed in many central and peripheral nervous system neurons (Kaplan et a1 1990 , Fliegner et a1 1994 . Although NF-L and NF-M are associated with terminal mitotic division of neuroblasts in specific neuronal populations, such as spinal motor neurons (Tapscott et al 1981 , Cochard & Paulin 1984 . accumulation of both seems to lag slightly behind the initial appearance of a-internexin in most other neurons (Kaplan et a1 1990 , Fliegner et a1 1994 . When neurons are actively migrating and elaborating neurites, NF-H expression is generally below detectable levels (Carden et a1 1987) . In mature central nervous system neurons, the distribution of a-internexin is similar to that of NF-L (Kaplan et al 1990) . However, neurons with smaller mons express a-internexin abundantly, whereas the larger neurons primarily have NFs (Kaplan et al 1990 , Fliegner et a1 1994 . In rat cerebellum, a-internexin accumulates in parallel fibers, but NFs are undetectable (Kaplan et al 1990) . The generality of this finding, however, will require further study because a-internexin has not been detected in human cerebellar parallel fibers (Yachnis et a1 1993) .
Peripherin is limited to the neurons of neural crest origin or to those neurons that will extend their axons outside of the central neural axis (Parysek & Goldman 1988 , Escurat et a1 1990 , Gorham et a1 1990 , Troy et a1 1990a . In peripheral sensory and autonomic ganglia, the largest neurons express NFs, while the smallest neurons express peripherin; somewhat medium-sized neurons express both (Escurat et a1 1990 , Gorham et al 1990 , Troy et a1 1990a . Goldstein et a1 1991 . In general, peripherin appears later than NF-L (Escurat et al 1990 , Gorham et a1 1990 .
NF accumulation, although detectable during neurite elongation, becomes robust only after synapse formation and concomitant with myelination (Carden et al 1987 , Schlaepfer & Bruce 1990 . In large motor and sensory neurons, the increase in NF expression is accompanied by marked decreases in a-internexin and peripherin (Escurat et a1 1990 , Gorham et a1 1990 , Fliegner et a1 1994 . However, high levels of either persist in the smaller neurons that accumulate few NFs. The developmental pattern of nIFexpression is recapitulated during axonal regrowth following injury (Dah1 et a1 1988, Hoffman & Cleveland 1988, Oblingeretal1989.Troyetal1990b). AlthoughNFsarewidely held tobeneuron specific, NF-M and NF-L may be expressed in immature Schwann cells (Kelly et a1 1992 , Roberson et a1 1992 , and NF-H in T lymphocytes (Murphy et a1 1993) and embryonic heart muscles [which also express peripherin (Belecky-Adam et a1 1993)l. The significance of this nonneuronal expression is unclear.
REGULATORY ELEMENTS FOR nIF EXPRESSION
Search for the basis of the nearly neuron-specific expression of nIF has focused on identifying regulatory elements in the 5'-promoter regions of nIF genes. This has lead to only limited success. In the case of NF subunits (Zopf et a1 (Shneidman et al 1992 , Yazdanbakhsh et a1 1993 , Pospelov et al 1994 , NF-M (Zopf et al 1990 , Elder et al 1992~. Shneidman et a1 1992 . and NF-H (Elder et a1 1992a,b; Shneidman et al 1992) . no clear cell-or tissue-specific signals have been identified. Rather, the promoter regions of NF genes contain a proximal basal promoter, a weak proximal neuronal enhancer, and a strong distal negative element (Shneidman et a1 1992 , Yazdanbakhsh et al 1993 each of which may be necessary for expression of NF genes in brain but not in other tissues (Shneidman et al 1992) . For peripherin, DNA transfection into pC12 cells has identified two NGF-sensitive positive regulatory elements and a constitutive negative element in the proximal promoter (Thompson et a1 1992) . while additional transfections into neuroblastoma lines have identified a negative regulatory element between -98 and -46 that may be important for expression exclusive to neurons (Desmarais et al 1992) .
The ultimate utility of these in vitro efforts has been questioned by in vivo approaches that have demonstrated that key regulator elements for both the level and neuronal specificity of expression lie downstream of the transcription initiation sites of nIF genes. In transgenic mice, neither the 5-kb rat (Yazdanbakhsh et a1 1993) nor the 2.3-kb human (Beaudet et a1 1992) NF-L promoter yields neuron-specific expression of a CAT reporter gene. Further, the level of expression achieved using just the NF-L promoter is very low compared to the level of endogenous NF-L expression (Beaudet et a1 1992 , Yazdanbakhsh et a1 1993 . However, relatively high levels of specific neuronal expression of human NF-L can be achieved in transgenic mice by using constructs that include only 300 bp of the promoter sequence (minimal promoter), as long as it is linked to the coding sequences and introns (Beaudet et al 1992 (Beaudet et al , 1993 . Expression exclusively in neurons requires the combined presence of the segment between 300 and 190 bases 5' to the transcription initiation site and the intragenic transcribed sequences: Excluding either component results in ectopic expression (Beaudet et a1 1992 , Yazdanbakhsh et al 1993 . Whether such an NF-L-promoted transgene can faithfully replicate the developmental stage-specific expression of endogenous NF-L is unknown. Similar requirements also exist for the regulation of peripherin (Belecky-Adam et a1 1993) and nestin (Zimmerman et a1 1994) , where the presence of both 5'-promoter and intragenic sequences are necessary to replicate the expression pattern of the endogenous genes.
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Although the NF-L promoter alone cannot yield the quantitative level of endogenous NF-L expression in transgenic mice, it can produce significant neuronal expression. When linked to a cDNA encoding the amyloid Ab peptide that accumulates in plaques of Alzheimer's patients, the 1.8-kb murine NF-L promoter produced a level of AP mRNA in brain neurons that was equal to the mRNA encoding the endogenous amyloid precursor protein, and this led to neurodegeneration (LaFerla et a1 1995) .
An important quantitative contribution to NF expression level also arises posttranscriptionally. NGF induces NF-subunit expression in PC12 cells, and subsequent inhibition of transcription has shown that the increase in NF expression is due in part to NGF-dependent increase in the half-lives of the NF-encoding mRNAs (Lindenbaum et al 1988 , Ikenaka et a1 1990 . Similar stabilization of NF transcripts was seen during postnatal maturation of cultured dorsal root ganglia neurons (Schwartz et al 1994) . Julien and colleagues have also shown, using mice expressing a human NF-L transgene, that a 3-to 5-fold increase in NF-L mRNA corresponds to only a 10 to 50% increase in NF-L protein in the central nervous system (Beaudet et al 1993) . Another example is a mutant strain of quail, in which a point mutation that creates a premature translation terminator in the NF-L gene (truncating 80% of the carboxyl-terminal polypeptide sequence) results in significant reduction in both NF-L and NF-H mRNAs, albeit the former is reduced to a greater extent. Furthermore, although the NF-M mRNA level is nearly normal, accumulation of the NF-M polypeptide is minimal (Ohara et a1 1993).
ASSEMBLY OF nIF AND MODULATION BY POSTTRANSLATIONAL MODIFICATIONS
NFs Are Obligate Heteropolymers
Because of their abundance in most mature mammalian neurons and their extraordinary stability at neutral pH and physiological ionic strength, NFs were easily purified by differential sedimentation (Schlaepfer & Freeman 1978; Liem et a1 1978 Liem et a1 , 1979 ) (see Figure 2B ). However, immunoelectron microscopy with antibodies to the head, rod, or tail domains of individual NF subunits indicated that all three NF subunits are incorporated integrally into filaments (Balin & Lee 1991 , Balin et a1 1991 . Further, analysis of early assembly and disassembly intermediates, represented by tetramers stable in 2-M urea, showed that NF-L can associate with a stochiometric amount of NF-M or NF-H, supporting the idea that all three NF subunits are integral components of NF (Cohlberg et al 1995) . Assembly properties of bacterially derived NF-L subunits showed that the head is required to promote lateral association of protofilaments, while the tail limits lateral interaction to yield a filament of -10 nm (Heins et al 1993) . An unsettling aspect of all of these efforts is that reassembly in vitro requires a nonphysiologically low pH.
Assembly properties have now been reexamined in an in vivo context by using DNA transfection and transgenic mice. As expected, all three NF subunits can individually coassemble with vimentin into cytoplasmic filament networks (Chin & Liem 1989 & Liem , 1990 Gill et a1 1990; Chin et a1 1991; Muma & Cork 1993; Sacher et a1 1994) . Competence for coassembly with vimentin requires both the head and rod domains, but most of the tail domains are dispensable (Gill et a1 1990 , Chin et a1 1991 . However, the surprise was that in a cell line without an endogenous cytoplasmic IF network [SW 13-(Sama et a1 1990) ] none of the NF subunits can assemble de novo (Lee et a1 1993 , Ching & Liem 1993 . Instead, assembly requires NF-L and a substoichiometric amount of either NF-M or NF-H . Assembly synergy between NF-L and NF-M requires interactions provided by both the head and rod (Lee et a1 1993 , Ching & Liem 1993 , since full length NF-L or NF-M can restore assembly competence to tailless, but not headless, NF-M or NF-L, respectively. Further, because hybrid subunits composed of NF-L head and rod and NF-H tail assemble with NF-M , steric interaction between the unusually long tails of NF-H and NF-M are not the source of their self-assembly incompetence in vitro.
The requirement for multiple NF subunits in de novo cytoplasmic IF assembly has also been demonstrated by using baculovirus to force expression of mammalian NF proteins in insect cells (Nakagawa et a1 1995) . Although high levels of NF-L can lead to homopolymeric assembly, much of the NF-L was found in nonfilamentous aggregates. In contrast, coexpression of NF-M with Annual Reviews www.annualreviews.org/aronline NF-L eliminated nonfilamentous aggregates and produced long bundles of filaments with interfilament spacing of -32 nm. A series of carboxyl-terminal truncations proved that filament-filament distances can be mediated by the Transgenic mice have been used to establish that NF are obligate heteropolymers in a true in vivo context by using transgenes, whose promoter elements direct expression of NF-L or NF-M in oligodendrocytes (Lee et a1 1993) . These cells, which myelinate central nervous system axons, do not normally express cytoplasmic IFs. Extended arrays of filaments were not observable in oligodendrocytes expressing only NF-L or only NF-M; however, in animals carrying both NF-L and NF-M transgenes, closely spaced bundles of IO-nm filaments were readily apparent .
These results collectively indicate that the NFs in vivo are obligate heteropolymers requiring NF-L and either NF-M or NF-H. They also unequivocally establish that both NF-M and NF-H directly participate in the assembly and organization of NFs. The obligate heteropolymeric nature of NFs resembles the properties of keratin filaments, but with an important distinction: Keratin filaments are stoichiometric heterodimers requiring one Type-I and one Type-I1 keratin, whereas NF heteropolymers can apparently accommodate a wide range of NF-subunit ratios. This point is potentially significant because the subunit ratios do change markedly during neuronal development (e.g. 
a-Internexin Self-Assembles
Unlike the other type-IV IF subunits, a-internexin can assemble into an extended filament network in the absence of other IF proteins and efficiently coassemble with other type-IV and type-III subunits (Ching & Liem 1993) . Although the biochemical bases for the obligate heteropolymeric assembly of NFs and the homopolymeric assembly of the highly related a-internexin have not been proven, sequence comparison reveals that the rod domain of a-internexin is organized into la, lb, and 2 segments (Fliegner et al 1990) ( Figure  1 ) similar to those in NF-L, whereas the rod 1 domains of NF-M and NF-H do not have obvious subdivisions. On the other hand, the head and tail domains of a-internexin contain sequences homologous to NF-M (Fliegner et al 1990) . Thus, the apparent hybrid nature of a-internexin may underlie its competence for homopolymer assembly in vivo.
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Properties of Peripherin and Nestin
The in vivo and in vitro self-assembly properties of nestin are unknown, except that in cultured cells expressing both nestin and vimentin, nestin is able to coassemble with vimentin into IF networks in cells (Lendhal et a1 1990) . Assembly properties of peripherin have not been shown, although from its extensive homology to other type41 IFs, it would be predicted to self-assemble in vivo and in vitro. Additionally, the proximal half of the tail domain of peripherin, like the other type-111 subunits, can directly interact in vitro with lamin B (Djabali et a1 1991) . Indirect evidence suggests this may also be true in vivo (Djabali et a1 1991), although how this could happen if lamins are really on the inside of the nuclear envelope while peripherin is on the outside remains unanswered. (Hisanaga et a1 1990a (Hisanaga et a1 , 1994 Sihag & Nixon 1990 . and lamins (Peter et a1 1990 ) are known to be substrates for kinases in vivo, and phosphorylation of this region either inhibits assembly (Hisanaga et a1 1990a (Hisanaga et a1 , 1994 Sihag & Nixon 1990 1986 ). The velocity is dependent on a number of factors, including the group of neurons, the age of the animal, and the location along the nerve. For example, motor neurons transport NFs at a faster rate than retinal ganglion cells (Lasek et al 1993) . In the same neuronal group, NFs move along more rapidly in immature or regenerating axons than in mature axons (Hoffman & Lasek 1980 , Hoffman et a1 1983 , Willard & Simon 1983 , McQuarrie et a1 1989 and in proximal axons than in distal axons (Watson et al 1989b) .
Modulating nIF Assembly Through Phosphorylation or Glycosylation of Head Domains
The initial analyses, measuring only the peak of the transported component, concluded that all t h e NF subunits were transported together in a single wave (Hoffman & Lasek 1975 , Black & Lasek 1980 . This led to the proposal (Hoffman & Lasek 1975 , Black & Lasek 1980 ) that NFs moved as polymers containing all three subunits. More recent reexamination of this has revealed that there are two pools of NFs in axons, one moving at the traditionally measured slow axonal transport rate and the other essentially stationary (Nixon & Logvinenko 1986 , Lasek et a1 1992 . There is disagreement regarding the fraction of filaments in the slower pool, estimated by one group to be as much a third of the total newly synthesized pool (Nixon & Logvinenko 1986 ) and by another to be a negligible proportion (Lasek et a1 1992) . Whichever estimate is closer to the actual amount, even with a seemingly small deposition of newly synthesized NFs to the relatively stationary pool. the steady-state stationary pool can reach a significant proportion of the total axonal NFs. For example, if deposition of NFs from the pool moving at the traditional slow rate is a mere 3% along the full length of the axon and if the difference in transport rates is 25-fold (0.75 d d a y vs 0.03 d d a y ) , then at steady state the essentially stationary pool could reach more than 40% of the total NFs present in the axon.
There is also disagreement over whether the moving form of NFs is filaments (as envisioned by the initial Lasek models) or subunits or oligomers. In the classical axonal transport paradigm following injection into cell bodies, the wave of transported NF subunits are in the insoluble, cytoskeletal compartment (Lasek 1986 , Lasek et a1 1992 , a finding consistent with transport as filaments. On the other hand, after injection and equilibration of fluorescently tagged NF-L in cultured dorsal root ganglion neurons, fluorescence recovery following zonal photobleaching occurs without translocation of the bleached zone Annual Reviews www.annualreviews.org/aronline (Okabe et a1 1993) . Hence, at least in this example, most of the filaments must be relatively stationary. This experiment was interpreted to support oligomers as the transported form, since the bulk polymer did not move and fIce subunits should diffuse much too rapidly to provide the coherent wave seen in axonal transport experiments. However, as the moving phase was not detected, NF polymers could also be the moving components, with their movement obscured by the more abundant stationary pool.
The mechanism by which NFs, and microtubules for that matter, are transported remains unsettled. Lasek and colleagues have observed that over a short distance some NF subunits move along axons at a rate as fast as 72 to 144 &day (Lasek et al 1993) . From this, they suggested that NFs may be transported in discrete steps, alternating between short, fast-moving strides and relatively long pauses. Taking advantage of delayed degeneration upon transection of sciatic nerves in mice with the o h mutation, Griffin and colleagues observed that NFs as well as other cytoskeletal proteins redistribute towards both distal and proximal transected ends (Watson et al 1993) . While this raises the possibility of retrograde slow transport in normal axons (Watson et a1 1993) , it may also represent a simple loss of axonal polarity resulting from, for example, changes in microtubule orientation in these transected axons. In any event, these results provide support for the idea that the motor@) responsible for the slow axonal transport may be similar to motors responsible for the fast axonal transport components (Le. the kinesin family and cytoplasmic dynein). As in the fast transport model, the overall rate of transport for any specific component(s) depends on the association and dissociation rate of the transported component with the motor, which may intrinsically move at a much higher speed than the effective transport rate. Such a model is also consistent with a stationary pool of NFs, with the actual rate and efficiency of transport determined by exchange of subunits between stationary and moving phases.
DYNAMICS OF nIFs
Despite the traditional view of IFs as static, nIFs can be highly dynamic structures. The first evidence for this arose from a demonstration that filaments assembled from NF-L tagged for fluorescence energy transfer rapidly exchange subunits between filaments in vitro (Angelides et a1 1989). In vivo support for both the dynamic nature of NFs and the presence of stationary NFs in neurons emerged from microinjecting a fluorescently tagged NF-L subunit into cultured dorsal root ganglia neurons. After allowing equilibration with neurite NFs and then photobleaching a segment, recovery of fluorescence was found to occur with a half-time of 40 min (Okabe et a1 1993) . This rate is remarkably rapid when viewed in the context of an expected static array and the very small soluble pool of subunits available for exchange. Further, following microinAnnual Reviews www.annualreviews.org/aronline jection of NF-L tagged with biotin, immunoelectron microscopy proved that the injected subunits incorporate along the full length of existing NFs. This is consistent with a mechanism in which the transported subunits constantly exchange with the existing stationary NF network. The rate and the extent of the exchange could be regulated by phosphorylation and dephosphorylation on the head residues, as discussed above. Microinjection of tagged NF-H led to similar findings (Takeda et al 1994) . with the important exception that the exchange of photobleached NF-H subunits occurred faster than with NF-L (recovery half-times in this study of -19 vs -35 min, respectively). This was interpreted to represent preferential association of NF-H at the periphery of the filament (Takeda et a1 1994) . However, the exchangeable components, likely to be the tetramers seen as early assembly intermediates (Cohlberg et a1 1995), may have differential dynamic properties depending on whether they are NF-L homotetramers or NF-GNF-M or NF-GNF-H heterotetramers. This latter possibility is particularly attractive because subunit exchange occurs all along the filament (Okabe et a1 1993 , Takeda et al 1994 and because all three NF subunits directly participate in assembly in vivo ( Both the level and phosphorylation state of NF-H have been proposed to regulate the rate of NF transport. The slowing of axonal transport during development correlates with an increase in the expression of NF subunits, particularly NF-H (Willard & Simon 1983) . Phosphorylation of the NF-H tail domain occurs following entry of NFs into axons and increases during transport (Glicksman et al 1987 , Nixon et al 1987 . Oblinger 1987 . The extent of phosphorylation of the KSP repeat domain also correlates with the slowing of the transport rate (Watson et a1 1989% 1991 Nixon et a1 1994a,b) and with transition of transported NFs into the nearly stationary pool of axonal NFs (Nixon 8z Logvinenko 1986 , Lewis & Nixon 1988 . Further, a two-to threefold increase in total neuronal NF-H level in transgenic mice carrying a human NF-H transgene leads to accumulations of NFs in the cell body (Cote et a1 1993), mediated by slowing of NF transport into axons (Collard et al 1995) .
Two mechanisms through which NF-H phosphorylation may slow NF transport have been proposed. In the first, NFs in axons are strongly associated with each other (Gilbert 1975 ), and the NF-H tail domains form cross bridges between NFs (Willard & Simon 1983 , Hirokawa et a1 1984 , Hisanaga & Hirokawa 1988 . Despite some appealing features, NF-H-containing native or reassembled filaments do not appear to cross-link in vitro (Hisanaga & Hirokawa 1989) , and analysis of filament-filament spacing does not reveal a fixed interfilament distance (Price et a1 1988 , Hsieh et a1 1994b that would be predicted if there were a significant in vivo association. An alternative idea is that phosphorylation of the NF-H tail favors dissociation of NFs from the Annual Reviews www.annualreviews.org/aronline axonal transport machinery. This idea is supported by the demonstration that dephosphorylated NF-H associates with microtubules and tubulin, but phosphorylation of the tail abolishes this affinity (Hisanaga & Hirokawa 1990a; Miyasaka et a1 1993) .
As to what happens to NFs after arriving at the nerve terminus, it is believed that they are degraded upon arrival at the axon terminus. Indeed, NFs can be degraded by a variety of proteases, particularly those activated by calcium (Bank et a1 1983 , Kamakura et al 1983 , Schlaepfer et a1 1985 , Gallant et a1 1986 , Banay-Schwartz et al 1987 , Pant 1988 , Johnson et a1 1991 , Greenwood et al 1993 . Direct support for distal proteolysis comes from injection of the protease inhibitor leupeptin into the optic tectum of goldfish (Roots 1983 
ROLE OF NF IN RADIAL GROWTH OF AXONS AND MODULATION OF NF FUNCTION BY PHOSPHORYLATION
Although NFs are minor components during initial neurite elongation, after successful synapse formation NF expression is markedly elevated, myelination begins, and the fully elongated axons increase in diameter by up to 10-fold (volume increases by up to lOO-fold!). In this second growth phase, referred to as radial growth, NFs become the most abundant cytoskeletal element, often exceeding the number of microtubules by up to an order of magnitude (e.g. see Figure 24 ). Earlier correlative evidence had shown a linear relationship between NF number and cross-sectional area throughout normal radial growth (Friede & Samorajski 1970; Weiss & Mayr 1971; Hoffman et al 1984 Hoffman et al ,1985a and during regrowth following axonal injury (Hoffman et a1 1985b (Hoffman et a1 , 1987 , observations that strongly suggested that NFs are intrinsic determinants of radial growth. This increase in axonal diameter (caliber) is important for normal nerve function because caliber is a principal determinant of the speed at which nerve impulses are propagated along the axon.
The importance of NFs in specifying normal axonal caliber has recently been proven unequivocally by analysis of a recessive mutation (quv) in a Japanese quail that lacks NFs as the result of a premature translation terminator Annual Reviews www.annualreviews.org/aronline in the NF-L gene. The absence of NFs leads to severe inhibition of normal radial gmwth in these animals (Yamasaki et al 1991 (Yamasaki et al ,1992 Ohara et a1 1993) , with a consequent reduction in axonal conduction velocity (Sakaguchi et a1 1993) . In addition to proving the importance of NFs in normal radial growth, the survival of this mutant quail demonstrates that NFs are not essential for viability, but are required for proper neural functioning as indicated by generalized ataxia and quivering exhibited by animals lacking NFs (Yamasaki et a1 1991) . Further, in mice, total inhibition of NF transport into axons by expression of a NF-H-P-galactosidase fusion protein results in severe inhibition of radial growth of large myelinated axons. although here no overt phenotype is apparent, despite complete absence of axonal NF (Eyer & Peterson 1994) .
The mechanism through which NFs mediate increases in axonal size remains unsettled. The linear correlation between NF number and axonal cross-sectional area initially suggested that the axon expanded or contracted so as to maintain a constant density of NFs (Friede & Samorajski 1970; Hoffman et a1 1985b Hoffman et a1 . 1987 . However, analysis of transgenic mice that express elevated levels of wild-type NF subunits has disproven this simple view. Increasing NF-L levels leads to increases in the number and density of NFs and an inhibition of radial growth in motor and sensory neurons of the sciatic nerve (Monteiro et a1 1990) . Twofold increases in NF-M levels lead to a corresponding reduction in NF-H and strongly inhibited radial growth, despite an unchanged level of either NF-L or filament number (Wong et a1 1995) . The diminution in NF-H is most easily explained by a competition between NF-M and NF-H for coassembly (or cotransport) with a limiting amount of NF-L. Despite reduction in NF-H, nearest-neighbor spacing between filaments was unaffected. A plausible explanation is that interactions between adjacent filaments are mediated by the NF-M tail, whereas the NF-H tail mediates radial growth through longer-range interactions. A slightly differing result emerged from raising NF-M levels by using a human NF-M transgene. This transgene was expressed primarily in the central nervous system, particularly the neocortex where human NF-M accumulated to a level comparable to that of endogenous mouse NF-M (Tu et a1 1995) . This resulted in a doubling of NF-L and a twofold reduction in fully phosphorylated NF-H, possibly because competition between NF-H and NF-M reduced the assembled proportion of NF-H. Unlike the situation in the sciatic nerve, the packing density of NFs was increased, supporting a role for phosphorylated NF-H in mediating filament spacing. Expression of NF-M deleted in 12 of 13 KSP repeats in the tail did not affect NF-H levels or its phosphorylation state, but did yield an increase in packing density, suggesting that sequences in the NF-H tail are essential for mediating radial growth.
Phosphorylation of NF-H and NF-M appears to play a critical role in or-ganizing NFs and in their ability to mediate control of caliber. Direct support for this has come from the myelin-deficient trembler mouse: The NFs are less phosphorylated and are more closely spaced in axons (de Waegh et al 1992) . Cole et al (1994) reported similar findings for transgenic mice in which hypomyelination was achieved by selectively killing Schwann cells. Further, similar correlations among myelination, phosphorylation, and caliber are found in the initial segment of axons [from dorsal root ganglion (Hsieh et al 1994a) and retinal ganglion neurons (Nixon et al 1994b) l and in nodes of Ranvier (Hsieh et al 1994a) . Myelination does not occur in these segments, and NFs are both less phosphorylated and more closely packed than in adjacent myelinated segments of the same axons (Hsieh et a1 1994% Nixon et a1 1994b . These data also suggest that the phosphorylation process is ultimately linked to, and may be regulated by, myelination.
NF KINASES
The likelihood that phosphorylation of the NF-H tail domain plays a central role in modulating neurofilament transport, dynamics, and organization within the axon has prompted an extensive search for the kinase(s) responsible. In addition, following the initial observation that a cdcZlike, cyclindependent kinase ( O K ) can phosphorylate a subset of KSP repeats in the tail of NF-H (Hisanaga et a1 1991) . several kinases with a CDK-like activity and/or sequence homologies have been identified (Hellmich et a1 1992; Lew et a1 1992 Lew et a1 ,1993 Miyasaka et al1993; Shetty et a1 1993) . Multiple CDK-like kinases are expressed in nervous tissues (Myerson et a1 1992) , and some are either similar or identical to CDK5 (Myerson et a1 1992) . In situ hybridization showed that one of the CDK-like kinases (distinct from CDK5) is expressed predominantly in neurons (Hellmich et a1 1992) and that another CDK-like kinase purified from nervous tissue can phosphorylate peptides containing a cdc2 consensus phosphorylation site [X(S/")PXK] (Lew et a1 1993 , Miyasaka et a1 1993 , Shetty et al 1993 . In one case , Shetty et a1 1993 , the purified CDK was shown to specifically phosphorylate the KSPXK motifs present in the carboxyl-terminal tail of both NF-H and NF-M. Although the Annual Reviews www.annualreviews.org/aronline activity of neural CDK-like kinases, including CDKS, are not regulated by cyclin, three activators of CDK5 [p35 (Tsai et a1 1994) . p25 (Lew et a1 1994) . and p67 (Shetty et a1 1995) ] have been identified and cloned. Although CDK5 is expressed in nonneural tissues (Myerson et a1 1992 , Lew et a1 1994 , both p35 and p25 are expressed predominantly in nervous tissues (Lew et a1 1994 , Tsai et a1 1994 . Immunocytochemical analysis has shown that p67 is expressed exclusively in neurons (Shetty et a1 1995) .
Despite their promise, the CDK-like kinases only phosphorylate a small subset of available KSP sites (approximately 10%) (Miyasaka et a1 1993 , Shetty et a1 1993 , and no kinase has yet been proven to play a significant role in in vivo phosphorylation of NF-H. Indeed, an appealing view is that neurons may express multiple CDKs (Myerson et a1 1992) , as well as multiple regulators of the kinases.
NF ABNORMALITIES IN THE PATHOGENESIS OF
MOTOR NEURON DISEASES
In addition to a function supporting the growth and maintenance of axonal caliber in normal neurons, NFs have long been suspected to play a role in the pathogenesis of several types of neurodegenerative diseases, including the motor neuron diseases amyotrophic lateral sclerosis (ALS), infantile spinal muscular atrophy (SMA), and hereditary sensory motor neuropathy. The common clinical symptom of these diseases is progressive failure of motor neurons, which in turn causes atrophy of the skeletal muscles innervated by the dying neurons, ultimately culminating in paralysis and death. Although various degrees of motor neuron loss are seen as the major pathological hallmark, for none of these diseases is the pathogenic progression understood. High-resolution analysis derived from the combination of silver staining (Hirano et a1 1967 , Carpenter 1968 , Delisle & Carpenter 1984 , immunocytochemistry , Schmidt et al 1987 , Sobue et al 1990 . and electron microscopic examination (Takahashi et a1 1972; Hirano et a1 1984a,b; Sasaki & Maruyama 1992) has clearly shown that abnormal assembly and accumulation of NFs in motor neuron cell bodies and axons are common, conspicuous findings in most cases of human motor neuron disease [reviewed by Hirano (1991) l; for an example from a sporadic ALS patient, see Figure 3 . Further, abnormal accumulations of NFs are common in most spontaneously occurring motor neuron diseases in animals (Cork et a1 1988) and hereditary motor neurons disease in dogs (Cork et al 1990 , Muma & Cork 1993 .
A central unresolved question has been whether aberrant accumulations of NFs are merely by-products of the pathogenic process or active participants in motor neuron dysfunction. Partial resolution of this issue came from two studies in which forced overexpression of NF subunits in transgenic mouse Annual Reviews www.annualreviews.org/aronline models was shown to cause selective motor neuron dysfunction. Elevating expression of wild-type mouse NF-L to about approximately four times the normal level produced large accumulations of NFs in the motor neuron cell bodies and proximal axons, motor neuron dysfunction, and neurogenic atrophy of skeletal muscle that usually leads to death by three to four weeks of age (Xu et a1 1993) . A few animals survived and eventually recovered concomitant with silencing of the transgene expression in motor neurons. Similarly, transgenic mice expressing human NF-H mRNA at three to four times the level of endogenous mouse NF-H mRNA in spinal cord display perikaryal accumulations of NFs in motor and sensory neurons, proximal axonal swellings, distal axonal atrophy (shrunken axons with reduced NF content), and neurogenic atrophy of skeletal muscles arising from motor neuron dysfunction (Cote et al 1993) . The distal axonal atrophy arises from slowing of axonal transport (Collard et a1 1995) . but no motor neuron death occurs, even in aged animals. Onset of overt pathology is slower than in the NF-L transgenic mice. In light of the >150 amino acid differences between murine (Julien et al 1988) and human (Lees et a1 1988) NF-H, an unresolved ambiguity is whether the human NF-H functions in mice as a wild-type or a mutant subunit. In a third set of transgenic animals, severe NF accumulation in cell bodies of motor neurons Annual Reviews www.annualreviews.org/aronline (caused by the expression of NF-H linked to almost the entirety of P-galactosidase) is accompanied by nearly 25% loss of ventral root motor axons by one year of age (Eyer & Peterson 1994) .
Even more compelling evidence that aberrant NF can cause not only dysfunction, but selective death, of motor neurons has come from a final set of transgenic animals expressing a helix disrupting proline to glutamic acid mutation in the highly conserved sequence at the end of the rod domain of NF-L (Lee et a1 1994) . Despite the ability of this mutant to disrupt assembly of extended filament networks in transfected cells, NF assembly is not disrupted in the animals. Rather, mutant expression at the level appropriate for a dominantly inherited disease leads to massive, selective degeneration and death of spinal motor neurons accompanied by abnormal masses of NF in perikarya and proximal axons. This in turn results in severe neurogenic atrophy of skeletal muscles. As is also true in human ALS (Kawamura et a1 1981) . the largest (NF-rich) sensory mons are also selectively lost in the NF-L mutantexpressing mice.
Collectively, these transgenic animal models (Cote et a1 1993 , Xu et a1 1993 , Lee et al 1994 have established that alterations in NF are sufficient to produce the pathological changes encountered in human ALS. These data, along with the prominent NF misaccumulation in human disease (Figure 3) , further promote the suggestion that abnormal NF accumulation is a central pathological intermediary leading to subsequent axonal swelling and degeneration. Strong support for this view has also emerged from examination of familial ALS caused by mutation in Zn,Cu superoxide dismutase 1 (SODl). Point mutations in this ubiquitously expressed enzyme have been proven (Deng et a1 1993 , Rosen et a1 1993 to cause -15% of familial ALS (-1.5% of all incidences of ALS). One of these mutations [with valine substituted for alanine at position 4 (T Siddique, personal communication)] leads to prominent neurofilamentous accumulation in motor neurons, as reported in a detailed examination of one large familial ALS kindred (Hirano et a1 1967 (Hirano et a1 , 1984b . Pathological examination of a patient with a different SODl mutation (threonine substituted for isoleucine at position 1 13) again reveals aberrant neurofilamentous aggregates as prominent pathological features (MB Clark & G Rouleau, personal communication). It has been proposed that SODl mutation leads to oxidative damage that in turn triggers motor neuron degeneration (Beckman et a1 1993 , Deng et al 1993 , Rosen et a1 1993 . Since NFs are among the most abundant axonal components and are very long lived, we note that NF subunits are likely candidates to accumulate such damage, ultimately leading to aberrant filament assembly and/or organization that then retards or blocks axonal transport.
How NF misaccumulation may occur in human disease is unproven. Overproduction cannot be excluded, although this was not observed in hereditary spinal muscular atrophy in dogs (Muma & Cork 1993). A defect in NF degAnnual Reviews www.annualreviews.org/aronline radation is unlikely, as this would be expected to result in distal NF accumulation, a feature that has not been reported. The most plausible cause for filaments to accumulate in proximal axons and cell bodies is a defect(s) in the slow axonal transport machinery or directly in an NF subunit that affects filament structure andor organization. Consistent with the latter of these, two mutations in the NF-H gene (leading to deletions of either 1 or 34 
SUMMARY AND CONCLUSIONS
Significant progress has been made in elucidating the factors that regulate nIF assembly and dynamics, particularly for NFs. NFs are now known to be obligate heteropolymers requiring NF-L and either NF-M or NF-H. Photobleaching efforts have clearly demonstrated that filaments within neurites are dynamic, not static as had been inferred from their resistance to dilutioninduced disassembly. Posttranslational modifications of phosphorylation and glycosylation probably affect assembly properties, but precisely how still must be determined. What is now certain, however, is that in the normal context, NFs are an intrinsic determinant of radial growth of axons. Misaccumulation of NFs is not only a frequent hallmark of motor neuron disease, but construction and analysis of a series of transgenic mice have proven that defects in NFs can be primary causes of motor neuron disease. Because two mutations in NF-H have been found in patients with ALS, the most common human motor neuron disease, alterations in NFs may represent primary or contributory causes for a proportion of ALS.
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